This work introduces a nonlinear and data-dependant method for extracting the significant wave height from a sequence of X-band radar images, which is based on the Teager-Huang Transform (THH). The THH comprises two parts, which are empirical mode decomposition (EMD) and application of the Teager-Kaiser energy operator (TKEO). EMD is applied to decompose the images into various decompositions, which are narrow-banded and have mono-components; TKEO separates the aforementioned narrow-banded components into their amplitude and frequency. The standard deviation of the separated amplitude is related to Hs , and, the relation is obtained by calibrating radar data with in situ data (buoy). The separated frequencies reveal the orientation and intensity of data, which are directly related to the direction of the waves. For validation, the method was applied to sequences of radar images that were obtained from the west coast of Taiwan. The results obtained using the method indicate that THH can be used specifically to estimate Hs with a root mean square error (RMSE) of 0.34 m. Furthermore, the developed method can efficiently measure the direction of waves at each specific point in an image.
INTRODUCTION
Severe ocean waves can destroy offshore and coastal construction. Significant wave height has been considered to be an important factor that measures severity of ocean waves. In recent years, many studies have attempted to obtain the significant wave heights ( Hs ) using X-band radar images. The advantages of the method, including high resolution, vast area coverage and cost-efficiency, distinguish X-band radar from conventional instruments for measuring wave height, such as data buoys. Several methods have been proposed for estimating Hs from sequences of X-band radar images, including those based on the 3-D Fourier transform and the signal-to-noise ratio. However, these methods are linear and treat input data as homogenous. Young et al. (Young, 1985) were the first to indicate that the parameters of waves can be extracted from marine X-band radar image sequences by utilizing the three-dimensional Fourier transform (3D FFT). Many researchers (Ziemer, 1994 -Seemann, 1999 -Nomiyama, 2003 have confirmed the method. However, FFT treats data as homogenous and stationary whereas surface waves are non-stationary and non-homogenous. Recently, Huang (Huang, 1998 ) introduced a new method of data processing called Empirical Mode Decomposition (EMD), for analyzing non-homogenous and non-stationary data. EMD decomposes a signal into a finite number of AM-FM subcomponents that are called intrinsic mode functions (IMFs). IMFs meet two criteria. First, the number of extrema and the number of zero-crossings should be equal or differ by just one. Second, at any point, the mean value of the envelope defined by the local maxima and the envelope defined by the local minima must be zero. These characteristics make IMFs appropriate for determining the instantaneous frequency (IF).
One of the most efficient methods for determining IF is the use of the Teager-Kaiser Energy Operator (TKEO) (Kaiser, 1990 -Yu, 1991 -Kaiser, 1993 -Maragos, 1995 . TKEO is a nonlinear operator which uses only neighboring data to provide information about the frequency and amplitude at each point. TKEO calculates the energy of a signal from the square of the product of its amplitude and frequency. The energy that is thus obtained can be separated into instantaneous frequency and amplitude using the energy separation algorithm (ESA). Therefore, to provide instantaneous and detailed information and to take into account the non-homogeneity of ocean waves, this work introduces a novel algorithm to determine Hs from marine X-band radar images by utilizing EMD and TKEO. The results thus obtained are presented and the efficiency of the determination of Hs using the EMD-TKEO method is examined.
DATA ACQUISITION
The data that were used in this work were obtained using a Furono X-band radar that was mounted about 20 m above mean sea level at 23° 6' 47.50"N and 120° 3' 8.20"E on the west coast of Taiwan. The radar operated at 9.4 GHz and with horizontal polarization (HH). The period of antenna rotation was 1.42 s and the image resolution was 7.5 m by 7.5 m. To extract information about ocean waves from radar images, those images must be processed in two main steps. The first step decomposes the non-homogenous and non-stationary radar images by EMD into a finite number of AM-FM IMFs. The second step applies the TKEO on IMFs in order to obtain the energy of the signal and to separate the signal into its amplitude and frequency by ESA, based on TKEO. The two essential parts of the method, EMD and TKEO, are introduced here.
EMD
EMD is the main part of the Hilbert Huang Transform for analyzing non-homogenous and non-stationary data. EMD decomposes signals by sifting. Initially, the local minima and maxima should be identified. Connecting the maxima to each other using a cubic spline yields the upper envelope; the minima are similarly connected to obtain the lower envelope. The mean of the two envelopes is denoted as m 1 ; and the difference between the data and the mean is h 1
The procedure ends if h 1 satisfies the aforementioned criteria for IMF; otherwise, h 1 will be considered as new data; m 11 is the mean of h 1 and the difference between the data, h 1 , and the mean is h 11. The process is repeated k times until the first IMF, h 1k that satisfies the aforementioned criteria, is obtained. The term m 1k in Eq. (3) is the mean of h 1 (k-1) . The signal can be reconstructed by summing IMFs and the last residual. Subtracting the last IMF from the signal yields the last residual, n r , which is a constant, a monotonic function or a function only with one extrema, excluding the possibility of subtracting another IMF from it. In the case of image decomposition, 2-D EMD can be simply obtained using method that was developed by Chen (Chen, 2009  is the Laplacian. The amplitude can be separated by ESA (Diop, 2009) 
In Eq. (9) 4  is calculated as follows. 
ESA that is based on TKEO provides the intensity and orientation of frequency at each point of a 2D AM-FM image, according to Eqs. (10) and (11) 
where f is the absolute frequency, and  is the orientation of the frequency. Consequently, information about the frequency in the x and y directions is determined as follows.
RESULTS AND DISCUSSIONS

Significant wave heights
Radar images are electromagnetic backscattering from ocean waves; ESA is applied to extract the amplitude of the backscattering from a radar image, hence, the standard deviation of the demodulated amplitude corresponds to the significant wave height. Thus, applying the empirical relation that was introduced by Borge (Borge, 2008) yields significant wave Heights ( Hs ).
) ( where A is given from Eq. (9), and, c 1 and c 2 are constants that are discovered by calibration of the radar data with the buoy data. Figure 2 displays the resulting Hs for 800 data points, obtained from radar images and a buoy. The figure shows that the values of Hs that are obtained from the radar images and the buoy agree with each other closely. Moreover, the root mean square error (RMSE) was calculated to examine the difference between the Hs values that were obtained by the buoy and the radar. Figure 3 shows the results. According to the figure, THH yields the Hs with an RMSE of 0.34 m and a bias of 0.11.
Wave direction and wave numbers
The separated frequency obtained by using ESA was used to determine the wave direction and wavenumber. Figure 4 presents the resulting wave direction and wavenumber. The arrow indicates the wave direction, which was obtained from Eq. (11) . Figure 4 . Wave direction and wavenumber in square frame in Figure 1 . Arrow indicates wave direction and length of arrow is proportional to wavenumber.
CONCLUSIONS
This work proposes a new method for extracting the significant wave heights from radar images. The algorithm considers the non-homogeneity of the coastal waves and provides a nonlinear method for extracting wave data. Experimental results demonstrate that the Teager-Huang transform can successfully extract the significant wave heights with high accuracy and provide the instantaneous direction of a wave at each image pixel.
